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Summary 
The IL-2 receptor (IL-2R) consists of three subunits, 
the IL-2Ra, IL-PRp, and IL-2Ry chains. The IL-l- 
induced proliferative signals emanate from the cyto- 
plasmic domains of IL-PR)? and IL-PRY, but the nature 
and function of the signaling molecules that transmit 
these signals are not fully understood. Here, we report 
that Syk protein tyrosine kinase (PTK) is physically 
associated with IL-2R in peripheral blood lympho- 
cytes. cDNA expression studies further revealed that 
this association is critical for the IL-i-induced activa- 
tion of Syk PTK, which occurs primarily via the serine- 
rich region of the IL-2Rp chain, which is essential for 
proliferative signal transmission. Furthermore, we 
provide evidence that in the hematopoietic cell line, 
BAF-B03, the activation of Syk PTK results In the in- 
duction of the c-myc gene, an event critical for the cell 
proliferation. Thus, Syk PTK may be a critical integral 
member of the signaling molecules engaged by the 
IL-2R. 
Introduction 
Interleukin-2 (IL-2) plays a critical role in regulating lym- 
phocyte proliferation, thus affecting the magnitude of the 
immune response (Morgan et al., 1976: Greene and Leo- 
nard, 1986; Smith, 1988; Waldmann, 1989; Taniguchi and 
Minami, 1993). The IL-2-IL-2 receptor (IL-2R) interaction 
triggers intracellular protein tyrosine phosphotylation and 
subsequent induction of nuclear proto-oncogenes critical 
for cellular proliferation (reviewed by Minami et al., 1993b; 
Taniguchi and Minami, 1993). The IL-2R consists of at 
least three distinct subunits; the a chain (IL-2Ra), the 8 
chain (IL9R8) and the y chain (IL9Ry) (Greene and Leo- 
nard, 1986; Hatakeyama et al., 1989a; Takeshita et al., 
1992). Notably, none of the IL-2R subunits possess any 
known catalytic activity, such as protein tyrosine kinase 
(PTK) activity. 
Previous studies have demonstrated that both ILPR8 
and IL-2Ry are required to transmit the IL-2 signal to the 
cell interior (Hatakeyama et al., 1989b; Minami et al., 
1993b; Kawaharaet al., 1994; Nakamuraet al., 1994; Nel- 
son et al., 1994). When the human IL-2R8 cDNA was intro- 
duced into the murine IL-3.dependent pro-8 cell line BAF- 
803, which constitutively expresses endogenous IL-2Ra 
and IL-2Ry, these cells proliferated in response to IL-2 
(Hatakeyama et al., 1989b). Further expression studies 
with deletion mutant IL-2R8 cDNAs revealed that a re- 
stricted cytoplasmic region of IL-2R8, designated the ser- 
ine-rich region (S region), is essential for the mitotic re- 
sponse to IL-2 (Hatakeyama et al., 1989b). It has also been 
shown that the signal(s) elicited from the S region leads 
to the induction of the c-myc gene, whose expression is 
critical for the cell cycle progression (Shibuya et al., 1992). 
Another cytoplasmic region of IL9R8 rich in acidic amino 
acids, designated the acidic region (A region), is required 
for the physical association with and activation of the sfc 
family PTK, ~56~~ (Hatakeyama et al., 1991). Activation 
of ~56”~ is linked to ~21’~ activation and the induction of 
the c-foslc-jun genes (Satoh et al., 1992; Minami et al., 
1993a). The role of the cytoplasmic region of IL9Ry in 
IL-2 signaling has also recently been demonstrated. In 
fact, ectopic expression of a mutant IL-PRY lacking most 
of its cytoplasmic region inhibits the ability of the intact 
IL-2R to transmit the IL-2 proliferative signal in BAF-803 
cells (Kawahara et al., 1994). Furthermore, it was shown 
that ligand(s)- or antibody-induced heterodimerization of 
the cytoplasmic domains of IL9R8 and IL-PRY triggers 
cellular proliferation, indicating that the functional cooper- 
ation between the cytoplasmic domains of IL-PRf3 and IL- 
2Ry is critical to IL-2 signaling (Kawahara et al., 1994; 
Nakamura et al., 1994; Nelson et al., 1994). 
Among the PTKs expressed in lymphocytes, the Syk 
family PTKs have been extensively studied in the context 
of antigen-induced lymphocyte activation (reviewed by Sa- 
melson and Klausner, 1992; Chan et al., 1994; Weiss and 
Littman, 1994). In view of the involvement of both the Syk 
family and src family PTKs in antigen-induced lymphocyte 
signaling, we examined the possibility of whether the Syk 
PTK is also involved in IL-2 signaling along with src family 
PTKs. In fact, our initial observations with porcine periph- 
eral blood lymphocytes (PBLs) suggested the potential 
involvement of Syk PTK in the IL-2 system (Qin et al., 
1994). Unlike the src family PTKs, the Syk family PTKs, 
Syk and ZAP-70 PTKs, contain two SH2 domains and no 
N-terminal myristylation site (Taniguchi et al., 1991; Chan 
et al., 1992). Syk and ZAP-70 PTKs have been shown to 
be coupled with several cell surface receptors, including 
the T and B cell antigen receptors (Chan et al., 1991; 
Wange et al., 1992; Hutchcroft et al., 1992a; Yamada et 
al., 1993; Strausand Weiss, 1993; Law et al., 1994) mem- 
bers of the immunoglobulin (Ig)G and IgE Fc receptor fami- 
lies (Kiener et al., 1993; Agarwal et al., 1993; Hutchcroft 
et al., 1992b; Benhamou et al., 1993) and granulocyte 
colony-stimulating factor (G-CSF) receptor (Corey et al., 
1994). While the Syk and ZAP-70 PTKs are structurally 
homologous, they have distinct tissue distributions: Syk 
PTKisexpressed in Tcells, B cells, myeloid cells, polymor- 
phonuclear neutrophils, and platelets, whereas ZAP-70 
PTK expression is restricted to T and natural killer Cells 
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Figure 1. Physical Association of Syk PTK 
with IL-2R in Human PELs 
A. whole cell lysatee B. Mikf39 immunoprecipitates 
kDa kDa t P 
Association of Syk PTK with IL-2R in IL-2- 
responsive PBLs. The whole cell lysateof PBLs 
(1 O’cells) (A) and Mikp3- or OKT4-immunopre- 
cipitates of PBL lysates (5 x 1O’cells) (B) were 
subjected to SDS-PAGE (lo%), followed by 
immunoblot using anti-human Syk PTK anti- 
body as described in Experimental Proce- 
dures. The arrowheads indicate the positions 
of human Syk PTK and of IgG (heavy chain). 
46- 
(Asahi et al., 1993; Chan et al., 1994; K. S. and H. Y., 
unpublished data). Since IL-2 can act on a variety of hema- 
topoietic cells, it is obviously of interest to examine the 
involvement of Syk PTK in IL-2 signaling. 
In the present study, we examined whether or not Syk 
PTK is physically or functionally coupled with IL-2R. We 
show that Syk PTK physically associates with IL-2Rt3 and 
is activated following IL-2 stimulation. We demonstrate 
that both the association of Syk PTK with IL-2Rt3 and IL-2- 
induced activation of Syk PTK require the cytoplasmic S 
region of IL-PRO, the region of IL-2Rf3 critical for IL-2- 
induced expression of the c-myc gene and for subsequent 
cellular proliferation. Furthermore, we show that antibody- 
mediated clustering of Syk PTK in BAF-B03 cells results 
in the induction of the c-myc but not the c-fos gene. Collec- 
tively, this structure-function study of IL-PRf3 in BAF-B03 
cells supports the idea that Syk PTK plays a role in mediat- 
ing IL-2-induced expression of the c-myc gene and subse- 
quent cellular proliferation. We will discuss the signifi- 
cance of our findings in the light of the roles of Syk PTK 
and other signaling molecules in IL-2 signaling. 
Results 
Association of Syk PTK with IL-2R In Human PBLs 
We previously reported that thesrcfamily PTK, p56”plays 
a role in the induction of the c-foslc-jun genes by IL-2 (Shi- 
buya et al., 1992; Minami et al., 1993a). However, the 
~56~~ pathway is not linked to the induction of c-myc gene, 
expression of which is critical for cellular proliferation (Shi- 
buya et al., 1992; Minami et al., 1993a). As an approach 
to examine whether another PTK(s) may be involved in 
IL-2-mediated c-myc gene induction and proliferation, mi- 
togen-activated human PBLs were stimulated by IL-2 in 
the presence or absence of PTK inhibitors, herbimycin A 
and genistein. It was found that these drugs both strongly 
inhibited the c-myc gene induction and [3H]thymidine in- 
corporation (70% inhibition at 100 nglml of herbimycin 
A; 65% inhibition at 10 PM of genistein). Furthermore, 
inhibition by herbimycin A was abrogated by 2-mercapto- 
ethanol (data not shown). These observations prompted 
us to search for a PTK(s) other than the src family PTKs, 
which may be coupled with the S region of IL-2Rfl and 
which mediates c-myc gene induction. 
Syk PTK, a member of the recently identified SykRAP- 
70 family of PTKs, is expressed in human PBLs as as- 
sessed by anti-human Syk PTK immunoblotting of whole 
cell lysates (Figure 1). Anti-IL-2Rf3 (Mikp3) immunoprecipi- 
tates of whole cell lysates from PBLs (cultured in the pres- 
ence of IL-2), followed by anti-human Syk PTK immu- 
noblotting, revealed that Syk PTK is associated with IL-2R 
(Figure 1). On the other hand, anti-CD4 antibody (OKT4) 
failed to precipitate Syk PTK (Figure 1). Stoichiometric 
analysis revealed that about 3%-5% of total cellular Syk 
PTK can associate with IL-2R (Figure 1). It is noteworthy 
that the stoichiometry of this intermolecular association 
is reminiscent of that observed for the intermolecular asso- 
ciation between p5wk PTK and IL-2RP (Hatakeyama et 
al., 1991; Minami et al., 1993a). Because of the limited 
usage of the anti-human Syk PTK antibody (that is, useful 
only for immunoblotting), further structural and functional 
analyses were performed with the porcine Syk PTK. Both 
the cDNA for porcine Syk PTK and an anti-porcine Syk 
PTK antibody that can be used for both immunoprecipita- 
tion and immunoblotting are currently available. It should 
also be noted that porcine and human Syk PTKs are strik- 
ingly similar proteins (94% identity and 98% similarity in 
amino acid sequence) and all 34 tyrosine residues in hu- 
man Syk PTK are conserved in porcine Syk PTK (Kolanus 
et al., 1993). 
Association of Syk PTK with the Cytoplasmic 
Domain of IL-2Rjl 
cDNAs encoding chimeric receptors bearing the CD4 ex- 
tracellular/transmembrane domains and the respective 
cytoplasmic domains of the IL-2R subunits were con- 
structed to determine which subunit(s) is responsible for 
theassociation of IL-2R with Syk PTK(Figure2; see Exper- 
imental Procedures). The cDNA for each of the respective 
chimeric receptors (CD4, CD4t3, CD4y, or CD4yMl) was 
cotransfected along with the porcine Syk PTK cDNA into 
COS cells (see Experimental Procedures). Expression of 
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Figure 2. A Schematic Diagram of the CD4-IL-2R Chimeric Receptors 
The chimeric receptors bearing CD4 extracellular and transmembrane 
domains and the respective cytoplasmic domains of IL-2RfVlL-2Ry 
(the wild-type or the cytoplasmic internal deletion mutants) were con- 
structedasdescribed in Experimental Procedures. CD46SandCD46A 
bear the cytoplasmic domain of IL-PI36 lacking the internal S region 
(56 aa) and the A region (70 aa), respectively. CD4yM 1 is comprised of 
the extracellular/transmembrane domains of CD4 and the membrane 
proximal 7 aa of the cytoplasmic domain of IL-PRT. 
the porcine Syk PTK in the transfected COS cells was 
monitored by anti-porcine Syk PTK immunoblotting of 
whole cell lysates. As shown in Figure 3A, comparable 
levels of porcine Syk PTK were expressed in COS cells 
when porcine Syk PTK cDNA was transfected either singly 
or together with the respective chimeric receptor cDNAs. 
To assess the expression levels of the respective chimeric 
receptors in the transfected COS cells, =S-labeled COS 
cell lysates were immunoprecipitated with anti-CD4 anti- 
body (OKT4) and subjected to SDS-PAGE (10%). Expres- 
sion levels of the respective chimeric receptors were com- 
parable among the various transfected COS cells when 
normalized by relative methioninelcysteine content (Fig- 
ure 3C). lmmunoblotting of anti-CD4 (OKT4) immunopre- 
cipitates with anti-porcine Syk PTK antibodies demon- 
strated that porcine Syk PTK was coprecipitated from COS 
cells cotransfected with the expression vectors for porcine 
Syk PTK and CD48 but not from those cotransfected with 
other CD4 chimeras, including CD4y (Figure 3A). This indi- 
cated that Syk PTK selectively associates with the cyto- 
plasmic domain of IL-2R8 and that a lymphoid cell-specific 
molecule(s) is not required for this molecular interaction. 
In addition, this result suggests that this intermolecular 
interaction does not require ligand binding to the IL-2R. 
The S Region of IL-PRP Is Primarily Required 
for the Association with Syk PTK 
Our previous structure-function studies of ILPR8 re- 
vealed that a membrane proximal cytoplasmic region, 
termed the S region, is required for IL-2-induced cellular 
proliferation (Hatakeyama et al., 1989b; reviewed by Mi- 
nami et al., 1993b). On the other hand, the cytoplasmic 
region distal to the S region, termed the A region, is re- 
quired for the association with and activation of the src 
family PTKs, including ~58~ PTK (Hatakeyama et al., 
1991; Minami et al., 1993a). To identify which cytoplasmic 
region(s) of IL-2R8 is required for its interaction with Syk 
PTK, additional chimeric receptors were constructed and 
subjected to analysis as above. These chimeras fused the 
CD4 extracellular/transmembrane domain to derivatives 
of the IL-2R8 cytoplasmic domain lacking either the S or 
the A regions (CD4pS or CD48A) (see Figure 2). 
Expression levels of the porcine Syk PTK, as well as 
the respective chimeric receptors, were comparable 
among the transfected COS cells (Figures 38 and 3C). 
Porcine Syk PTK was specifically coimmunoprecipitated 
by anti-CD4 (OKT4) antibodies from cells expressing por- 
cine Syk PTK along with CD48 or CD48A, although the 
level of the Syk PTK was slightly lower in the latter case 
(Figure 38). In contrast, porcine Syk PTK was barely de- 
tectable in anti-CD4 (OKT4) immunoprecipitates from 
COS cells expressing CD48S together with porcine Syk 
PTK (Figure 38). These results indicate that the cyto- 
plasmic S region of IL-PRj3, the region required for IL-2- 
induced expression of the c-myc gene and subsequent 
cellular proliferation, is primarily responsible for associa- 
tion with Syk PTK. 
Physical and Functional Coupling of Syk PTK 
with ILPQ in BAF-B03 Cells 
Detection of an intermolecular association between the 
Syk PTK and IL-2R8 suggested a potential role for Syk 
PTK in the IL-2 signaling. As an approach to assess further 
the functional significance of this association, we estab- 
lished a clone (14BSyk7) in which the Syk PTK cDNA was 
constitutively expressed in 148, a BAF-B03-derived clone 
expressing the human IL-2R8 at high levels (Minami et 
al., 1993a). Although BAF-B03 cells may express endoge- 
nous Syk PTK (Law et al., 1994), the anti-porcine Syk PTK 
antibodies did not cross-react with the murine protein 
(Figure 4A). 
We first examined whether porcine Syk PTK associates 
with IL;2RP in 14BSyk7 cells. As was expected, Mikf31 
(anti-human IL-2R8 antibody) immunoprecipitates of 
14BSyk7 cell lysates contained porcine Syk PTK, as as- 
sessed by immunoblotting using anti-porcine Syk PTK an- 
tibody, whereas a control antibody, Ml19 (anti-mouse 
CD45 antibody), failed to precipitate the Syk PTK (Figure 
4A). The expression levels of human IL-2R8 and endoge- 
nous CD45 were comparable in these cells (Minami et al., 
1993a; data not shown). In contrast, porcine Syk PTK was 
not detected in Mikpl immunoprecipitates of 148 cells 
(Figure 4A). These results indicate that Syk PTK is physi- 
cally associated with IL-2R8 in 14BSyk7 cells. Stoichio- 
metric analysis reveals that about 2%-3% of total cellular 
Syk PTK can associate with IL9R8 (Figure 4A). Similar 
results were obtained for two additional independent 
transfectants expressing porcine Syk PTK at comparable 
or lower levels (data not shown). 
We further examined whether this association of Syk 
PTK with IL-2Rj3 in 14BSyk7 cells is modulated upon IL-2 
stimulation or not. The amount of Syk PTK associated 
with IL-2R8 following IL-2 stimulation was assessed by 
anti-porcine Syk PTK immunoblotting of Mikj33 immuno- 
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Figure 3. Association of Syk PTK with the Cy- 
toplasmic S Region of IL-2Rb 
(A) Association of Syk (porcine) PTK with 
CD45. Cell lysates were prepared from COS 
cells; COS cells transfected with control vector 
(pEF) alone, control vector (pEF) plus Syk PTK 
(pEF-Syk PTK), CD43 (pEF-CD43) plus Syk 
PTK, CD4y (pEFCD4y) plus Syk PTK, CD4 
(pEFCD4) plus Syk PTK. or CD4yMl (pEF- 
CD4yMl) plus Syk PTK (see Figure 2; Experi- 
mental Procedures). The whole cell lysates (lo8 
cells) were analyzed by anti-Syk PTK immu- 
noblotting (1). Aliquots of the respective cell 
lysates (2.5 x lo6 cells) were immunoprecipi- 
tated either with anti-CD4 antibody (OKT4) or 
with the irrelevant antibody (same subclass 
with OKT4) followed by anti-Syk PTK immu- 
noblotting (2). 
(6) Association of Syk (porcine) PTK with 
CD4bA, but not with CD4bS. Cell lysates were 
prepared from COS cells: COS cells transfected 
with control vector (pEF) alone, control vector 
(pEF) plus Syk PTK (pEF-Syk PTK), CWb 
(pEFCD43) plus Syk PTK, CD43A (pEF- 
CD4bA) plus Syk PTK, CD43S (pEFCD43S) 
plus Syk PTK, or CD4 (pEFCD4) plus Syk PTK. 
The whole cell lysates (1 tP cells) were analyzed 
by antiiyk PTK immunoblotting ([A], left panel). 
Aliquots of the respective cell lysates (2.5 x 
lo8 cells) were immunoprecipitated either with 
anti-CD4 antibody (OKT4) or with the irrelevant 
antibody (same subclass with OKT4), followed 
by anti-Syk PTK immunoblotting ([S]. right 
panel) as described in Experimental Proce- 
dures. 
(C) Metabolic labeling and immunoprecipita- 
tion of the respective CD4 chimeras in COS 
cells. COS cells were metabolically labeled 45 
hr after transfection with [YSlmethioninelcyste- 
ine for 5 hr as described in Experimental Proce- 
dures. After solubilization, cell lysates were im- 
munoprecipitated withantiCWantibody(OKT4) 
and subjected to a 10% SDS-PAGE. The ar- 
rowheads indicate the positions of the respec- 
tive chimeric receptors. A molecule of - 75 kDa 
was specifically coprecipitated with CD4y from 
COS cells transfected with Syk PTK plus CD4y. 
It should be noted that this molecule can also be coprecipitated with CD4y from COS cells transfected with CD4y alone. As shown in the figure, 
the CD45 runs as a doublet on SDS-PAGE. Although the exact reason for this is unclear, it is likely that this doublet reflects the differential 
processing of CD4f3 
precipitates from 14BSyk7 cells (Mik63 is an anti-human 
IL-2R6 antibody that recognizes IL-2Rj3 protein even in the 
presence of IL-2.). As shown in Figure 48, IL-2 stimulation 
results in a transient increase (2- to 2.5fold increase at 
5 min) in the amount of Syk PTK associated with ILPR6. 
Next, we addressed the question of whether IL-2R can 
mediate activation of Syk PTK in 14BSyk7 cells. For this 
purpose, the in vitro Syk PTK activity was monitored follow- 
ing IL-2 stimulation of 14BSyk7 cells (see Experimental 
Procedures). As shown in Figure 4D, IL-e-induced activa- 
tion of Syk PTK was detected within 20 s, reached a maxi- 
mal level (about 5fold increase) at 1.5-5 min, and declined 
gradually thereafter, as judged by the extent of phosphory- 
lation of Syk PTK itself or of myelin basic protein (MBP) 
(Shimomura et al., 1993) used as an exogenous substrate 
in vitro. The amount of porcine Syk PTK immunoprecipi- 
tated with anti-porcine Syk PTK antibody was not altered 
during the period of IL-2 stimulation (data not shown). 
Thus, the IL-2-induced activation of Syk PTK reflects an 
increase in its specificactivity. Essentially the same results 
were obtained for the two additional independent transfec- 
tants (data not shown). It may be worth noting that the 
IL-e-induced activation of Syk PTK observed in 14BSyk7 
cells precedes that of ~56~pTK expressed exogenously 
in 148 cells (peaks at 1.5-5 min versus lo-15 min) (see 
references in Minami et al., 1993a). 
The S Region of IL-2 Is Required for IL-Blnduced 
Activation of Syk PTK 
To examine which region of IL-2Rj3 is important for activat- 
ing Syk PTK following IL-2 stimulation, we established 
BAF-BOSderived cell lines expressing porcine Syk PTK 
along with either an IL9R6 derivative lacking the cyto- 
plasmic S region (S mutant) or A region (A mutant) (for 
;ik PTK in IL-2 Signaling 
A. 
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Figure 4. Physical and Functional Coupling of 
Syk PTK with IL-2Rfl in BAF-803 Cells 
(A) Association of Syk PTK with IL-2Rf3 in BAF- 
803 cells. The cell lysates prepared from 
14BSyk7 and 148 cells (2 x lo@ cells) were 
subjected to SDS-PAGE (lo%), followed by 
anti-Syk PTK immunoblotting as described in 
Experimental Procedures (1). Aliquots of the 
respective cell lysates (1 O’cells) were immuno- 
precipitated either with Mike1 or with the irrele- 
vant antibody(M119), followed by anti-Syk PTK 
immunobloffing as described in Experimental 
Procedures (2). The arrowheads indicate the 
position of Syk PTK. 
(B) Transient increase in the amount of Syk 
PTK associated with IL-PRpfollowing IL-2 stim- 
ulation. Factor-starved 14BSyk7 cells were 
stimulated with 10 nM IL-2 for the indicated 
periods at 37OC. At each timepoint, the cell 
lysates (10s cells) were subjected to SDS- 
PAGE (10%) followed by anti-Syk PTK immu- 
noblotting as described in Experimental Proce- 
dures (I). Aliquots of the respective cell lysates 
(2 x lo7 cells) were immunoprecipitated either 
with Mikp3 or with the irrelevant antibody, fol- 
lowed by anti-Syk PTK immunoblotting as de- 
scribed in Experimental Procedures (2). The 
arrowheads indicate the position of Syk PTK. 
(C)Association of Syk PTK with IL-2Rp in BAF- 
803 cells requires the cyfoplasmic S region 
of IL-2Rp. The cell lysates prepared from 
14BSyk7, Al 1 Syk20, and Si 3Syk22 cells (2 x 
106cells)weresubjected toSDS-PAGE (IO%), 
followed by anti-Syk PTK immunoblotting as 
described in Experimental Procedures (1). Ali- 
quots of the respective cell lyeates (4 x 10’ 
cells) were immunoprecipitated either with 
Mikpl or with the irrelevant antibody, followed 
by anti-Syk PTK immunoblotting as described 
in Experimental Procedures (2). The arrow- 
heads indicate the position of Syk PTK. 
(D) Activation of Syk PTK following IL-2 stimula- 
tion of 14BSyk7 cells. Factor-starved 14BSyk7 
cells were stimulated with culture medium 
alone (minus) or 10 nM IL-2 for the indicated 
periods at 37V and subsequently cell lysates were prepared as described in Experimental Procedures. Syk PTK was immunoprecipitated with 
anti-Syk PTK antibody and subjected to in vitro kinase assay as described in Experimental Procedures. Tyrosine phosphorylation of Syk PTK 
(autophosphorylation) and of MBP was monitored for evaluating its PTK activity. The amount of Syk PTK immunoprecipitated was not changed 
during IL-2 stimulation of 14BSyk7 cells (data not shown). Slight increases in basal Syk PTK activities at 15 min in the absence of IL-2 were 
reproducibly observed, possibly owing to the high cell densities (lO’cells/ml) required for this assay. However, it should be noted that IL-2 stimulation 
induces an additional significant increase in Syk PTK activity through the time course examined. 
details see Experimental Procedures). The transfectants, 
S13Syk22 and Al 1 SykPO, express the S mutant IL-2R9 
and A mutant IL-2Rb, respectively, along with porcine Syk 
PTK. 14BSyk7, S13Syk22, and Al 1 SykPO cells each ex- 
press the wild-type or respective mutant IL-2Rb molecules 
on their cell surfaces at comparable levels, as assessed 
by flow cytometric analysis using anti-ILQR9 (Mikj31) anti- 
body (see references in Minami et al., 1993a; data not 
shown). In addition, these cells express porcine Syk PTK 
at comparable levels, as assessed by anti-porcine Syk 
PTK immunoblotting of whole cell lysates (Figure 4C). 
Consistent with the previous results observed using CD4 
chimeras (see Figure 3B), we found that Syk PTK can 
associate with the wild-type and A mutant IL-2Rj3s (in 
14BSyk7 and Al 1 Syk20 cells), but not with the S mutant 
IL-2R9 (in S13Syk22 cells) (Figure 4C). The functional 
state of Syk PTK following IL-2 stimulation of the respec- 
tive transfectants was again monitored by an in vitro kinase 
assay. Interestingly, IL-Binduced activation of Syk PTK 
(as judged by the extent of phosphorylation of Syk PTK 
itself) was observed in cells expressing the full-length p 
chain (14BSyk7) and A mutant 9 chain (AllSyk20), but 
not the S mutant p chain (S13Syk22) (Figure 5). Essentially 
similar results were obtained when the extent of phosphor- 
ylation of an exogenous substrate, MBP, was monitored 
(Figure 5). In 14BSyk7 and Al 1 Syk20 cells, the kinetics 
and magnitudes (about 5-fold increase in PTK activity com- 
pared with the basal activity) of Syk PTK activation follow- 
ing IL-2 stimulation were similar. Again, the amount of 
Syk PTK immunoprecipitated with anti-porcine Syk PTK 
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Figure 5. The Role of IL-2R6 Cytoplasmic Subregions in IL-2-Induced 
Activation of Syk PTK 
The S region of IL-2Rp is required for IL-2-induced activation of Syk 
PTK. Factor-starved 14ESyk7, S13Syk22, and Al 1 Syk20 cells were 
stimulated with culture medium alone (minus) or 10 nM IL-2 for the 
indicated periods at 37’C and subsequently cell lysates were prepared 
as described in Experimental Procedures. Syk PTK was immunopre- 
cipitated with anti-Syk PTK antibody and subjected to in vitro kinase 
assay as described in Experimental Procedures. Tyrosine phosphory- 
lation of Syk PTK (autophosphorylation) and of MBP was monitored 
for evaluating its PTKactivity. The amount of Syk PTK immunoprecipi- 
tated was not changed during stimulation of the respective cells (data 
not shown). 
antibody was not altered during the time course examined 
(data not shown). Essentially the same results were ob- 
tained with other transfectants expressing either the wild- 
type or mutant IL-2R6s along with porcine Syk PTK (data 
not shown). These results collectively indicate that the cy- 
toplasmic S region of IL-2R6 that is required for the associ- 
ation of Syk PTK (see Figure 38; Figure 4C) is also essen- 
tial for activating Syk PTK following IL-2 stimulation. 
Antibody-Mediated Clustering of Syk PTK Induces 
the Expression of c-myc Gene 
Previous study has shown that the induction of c-myc gene 
is critical for the IL-2-induced cellular proliferation and that 
this gene induction is mediated by the S region of lLPRf3 
(Shibuya et al., 1992). In view of our present finding that 
the same S region is required for the Syk PTK activation, 
the possibility is raised that the Syk PTK activation by 
B. BAF/CD16:I:W 
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Figure 6. Induction of c-myc Gene Following Antibody-Mediated Clus- 
tering of Syk PTK 
Factor-starved BAF-603 cells expressing the chimeric molecules 
(CD16:ir:Syk PTK or CD16:7:(-1) were stimulated with F(ab)h alone, 
3G6 (anti-CD16 antibody) plus F(ab):, or IL-3 (20% WEHI-conditioned 
medium) for the indicated periods at 37OC. Total RNA was extracted 
from them and 10 ug from each sample were electrophoresed on 1% 
agarose formaldehyde gels, and transferred onto nylon membranes 
as described in Experimental Procedures. Membranes were hybrid- 
ized with radiolabeled DNA probes, washed and exposed by autoradi- 
ography for 20 hr (c-myc), 47 hr (c-fos), and 22 hr @-actin) (BAF-t303/ 
CD1 6:7:Syk PTK) and for 22 hr (c-myc), 55 hr (c-fos), and 24 hr @-actin) 
(EAF-BO3/CDl6:7:(-1). The mRNA levels of the respectivegenes were 
also quantitated using a Fujix imaging analyzer (BAS2000) (see text). 
IL-2 may lead to c-myc gene induction. As an approach 
to address this issue, we examined whether or not anti- 
body-mediated clustering of the chimeric molecule CD16: 
7:Syk PTK(Kolanuset al., 1993) bearing aCD16extracel- 
lular domain and a porcine Syk PTK cytoplasmic domain, 
can induce the expression of c-myc gene following cross- 
linking of the chimeric molecules. To this end, we estab- 
lished BAF-B03-derived transfectants stably expressing 
the chimeric molecule CD16:7:Syk PTK. Anti-human 
CD16 antibody (first antibody, 3G6) does not cross-react 
with any surface molecules on BAF-B03 cells (data not 
shown). The mRNA levels of c-fos and c-myc genes were 
monitored by RNA blot analysis following antibody- 
mediated cross-linking of the chimeric molecule (CD16:7: 
Syk PTK). As shown in Figure 6A, cross-linking (anti-CD1 6 
antibody [3G6] followed by goat anti-mouse IgG antibody 
F(ab)‘,) of CD16:7:Syk PTK resulted in the induction of 
c-myc mRNA (to about 6-fold). On the other hand, treat- 
ment of the cells with goat anti-mouse IgG antibody F(ab)i 
alone failed to induce c-myc. Essentially the same result 
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was obtained for another independent transfectant (data 
not shown). Furthermore, antibody-mediated cross-linking 
of the chimeric molecule lacking a cytoplasmic Syk PTK 
(CD1 6:7:[-1) (Kolanus et al., 1993) failed to induce expres- 
sion of the c-myc or c-fos genes (Figure 66). Interestingly, 
cross-linking of the chimeric molecule (CD1 6:7:Syk PTK) 
caused only a marginal increase, if any, in c-fos gene ex- 
pression (Figure 6A), suggesting that c-myc gene induc- 
tion by Syk PTK is selective. On the other hand, IL-3 stimu- 
lation resulted in the induction of both the c-myc (about 
30-fold) and c-fos mRNAs (about 6-fold) with similar kinet- 
ics. It must be noted that the antibody-mediated cross- 
linking was carried out in the absence of serum, whereas 
the IL-3 preparation used (WEHI-conditioned medium) 
contains 2% serum, which may also affect the mRNA in- 
duction levels. These results collectively lend support to 
the idea that Syk PTK activation plays a role in IL-2- 
induced expression of the c-myc but not c-fos gene. 
Discussion 
The IL-2-IL-2R system has been extensively studied in 
the context of the regulation of the immune response, and 
has also become a paradigm of how cytokines transmit 
proliferative signals in hematopoietic cells (Smith, 1988; 
Waldmann, 1989; Minami et al., 1993b; Taniguchi and 
Minami, 1993). Previous studies have demonstrated the 
importance of the cooperation between IL-2R8 and IL-2Ry 
cytoplasmic domains in generating proliferative signals 
(Kawahara et al., 1994; Nakamura et al., 1994; Nelson et 
al., 1994). In particular, the cytoplasmic S region of IL-PRP 
was shown to be essential for IL-e-induced signal transmis- 
sion (Hatakeyama et al., 1989b; Shibuya et al., 1992; Mi- 
nami et al., 1993b). However, it has not been clear how 
the S region of IL9R8 functions in transmitting signals to 
the downstream pathway(s). In the present study, we re- 
port the identification of a signaling molecule, Syk PTK, 
which couples with the S region of IL-2R6. Taken together 
with the previous report, demonstrating the coupling of 
the src family PTKs with IL9R8 (Hatakeyama et al., 1991; 
Minami et al., 1993a), our present findings show that multi- 
ple PTKs and other signaling molecules are involved in 
generating signals from the IL-2R complex. 
Association of Syk PTK with the IL-2Rp Chain 
In addition to the initially characterized src family PTK, 
several families of nonreceptor-type PTKs have been iden- 
tified. These include Syk/ZAP-70 family PTKs (Syk and 
ZAP-70 PTKs) (Taniguchi et al., 1991; Chan et al., 1992) 
Jak family PTKs (Jakl, JakP, Tyk2, and Jak3 PTKs) (re- 
viewed by lhle et al., 1994), and Tee family PTKs (Tee, 
Btk [emb] and Itk [emt] PTKs) (Mano et al., 1990; Siliciano 
et al., 1992; Tsukada et al., 1993; Vetrie et al., 1993; Ya- 
mada et al., 1993). Among the PTKs expressed in lympho- 
cytes, Syk family PTKs have been extensively studied in 
the context of antigen receptor engagement. Since both 
Syk family and sfc family PTKs are involved in antigen- 
induced lymphocyte signaling, an intriguing question was 
whether Syk family PTKs are involved in IL-2 signaling in 
addition to src family PTKs and, if so, how they are in- 
volved. Considering the facts that Syk PTK, but not ZAP-70 
PTK, is expressed in a wide range of hematopoietic cells 
and that IL-2 acts on a wide range of hematopoietic cells, 
we investigated the possible involvement of Syk PTK in 
IL-2 signaling. In fact, we found that Syk PTK, a member of 
Syk/ZAP-70 family PTK, is associated with IL-2R in human 
PBLs (Figure 1). 
Transient coexpression of Syk PTK and various CD4/ 
IL-2R chain chimeras in COS cells revealed that Syk PTK 
associates constitutively with IL9R8 via the cytoplasmic S 
region of IL-2R8, the region required for both IL-2-induced 
expression of c-myc gene and cellular proliferation (Figure 
38). Further confirmation that the S region of IL-2R8 is 
required for the association with Syk PTK was provided 
by analyzing the association of Syk PTK with IL-2R8 in 
the 14BSyk7, Al 1 SykPO, and S13Syk22 cells (Figure 4C). 
It is noteworthy that the cytoplasmic S region of IL9R6 
does not contain the sequence Tyr-X-X-Leu-XtGo,-Tyr-X-X- 
Leu (variously called the antigen recognition activation 
motif [ARAM], the tyrosine-based activation motif [TAM], 
or the antigen receptor homology 1 motif [ARHl]), a poten- 
tial recognition site for Syk/ZAP-70 family PTKs (Samelson 
and Klausner, 1992; Cambier, 1992; Weiss and Littman, 
1994). The critical role of ARAM (TAM or ARHl) in the 
association of receptors with ZAP-70 PTK has been well 
established. The association of tyrosine-phosphorylated 
ARAM (TAM or ARHl) in CD3 or the 6 subunits of TCR 
with the SH2 domains of ZAP-70 PTK recruits ZAP-70 PTK 
to the activated TCR and results in the tyrosine phosphory- 
lation of ZAP-70 PTK (reviewed by Chan et al., 1994). 
Thus, our results may represent a novel example of an 
intermolecular association between a Syk/ZAP-70 family 
PTK and a cell surface receptor(s). On the other hand, 
we can not rigorously exclude the possibility that another 
molecule, containing such a motif, may mediate this asso- 
ciation. Further work is required to identify the structures 
critical for this novel intermolecular association. It should 
also be noted that IL-2 stimulation of factor-starved 14BSyk7 
cells results in a transient increase (2-to 2.5-fold at 5 min) 
in the amount of Syk PTK associated with IL-2R6, although 
the molecular basis for this change remains unclear 
(Figure 48). 
Activation of Syk PTK by IL-2 
In addition to demonstrating the physical association of 
IL-2R6 with Syk PTK in normal PBLs as well as in cells 
expressing the reconstituted IL-2R, our observations show 
that Syk PTK is activated following IL-2 stimulation, as 
revealed by in vitro kinase assay (Figure 4D). Thus, we 
think this physical interaction is physiologically significant 
in IL-2 signaling. Furthermore, it was shown that IL-2- 
induced activation of Syk PTK requires the cytoplasmic 
S region of IL-2R6, the region previously shown to be re- 
quired for IL-2-induced expression of the c-myc gene and 
for cellular proliferation (Figure 5). It is also noteworthy 
that Syk PTK is sensitive, both in vitro and in vivo, to the 
PTK inhibitor herbimycin A, an agent that strongly inhibits 
IL-2-induced c-myc gene induction and [3H]thymidine in- 
corporation (Asahi et al., 1993; data not shown). Thus, 
our present structure-function analysesof ILPRf3 and Syk 
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PTK reveal that Syk PTK physically and functionally cou- 
ples to the cytoplasmic S region of IL-2R6 (Figure 38; 
Figure 4C; Figure 5). Considering the previous observa- 
tions that showed the physical and functional coupling of 
the different members of the src family PTKs, ~56~ and 
p5Qfyn PTKs, with ILZRf3 (Kobayashi et al., 1993; Minami 
et al., 1993a), it is possible thatZAP- PTK, another mem- 
ber of SykIZAP-70 family PTKs, may also couple with IL- 
2R6 in addition to Syk PTK. This possibility needs further 
clarification. 
Syk PTK as a Mediator of c-myc Gene Induction 
We also show that antibody-mediated aggregation of chi- 
merit molecules bearing Syk PTK on BAF-B03 cells re- 
sulted in the induction of the c-myc gene (Figure 6). It is 
important to note that the induction of the c-myc gene is 
selective, since induction of c-fos gene was barely detect- 
able (Figure 6). On the other hand, our results do not ex- 
clude the possibility that signaling molecules other than 
Syk PTK may also be required for full-scale c-myc gene 
induction. In fact, a recent report has demonstrated that 
Jakl and Jak3 PTKs, members of the Jak family PTKs, 
are activated following IL-2 stimulation (Ihle et al., 1994; 
Witthuhn et al., 1994); however, it remains to be clarified 
whether these Jak PTKs can elicit c-myc gene induction. 
To understand further the role(s) of Syk PTK in IL-2 signal- 
ing, it is obviously important to identify a molecule(s) that 
couples with Syk PTK as well as to identify the substrates 
for activated Syk PTK. 
Possible interaction of Different PTK Families 
in IL-2 Signaling 
Importantly, Syk PTK and ~56~ PTK are both involved in 
the processes of TCR activation and of IL-2R activation. 
Kinetic studies of Syk PTK activation and ~56~~ PTK acti- 
vation following IL-2 stimulation of BAF-B03-derived cells, 
expressing the respective PTKs along with ILPRP, reveals 
that IL-a-induced activation of Syk PTK precedes activa- 
tion of ~56”~ PTK; the former being detected within 20 s 
and reaching a maximum at 1.5-5 min, while the latter is 
detected within 5 min and peaking at lo-15 min (Figure 
4D; Figure 5; see references in Minami et al., 1993a). On 
the other hand, in the case of TCR activation, accumulat- 
ing evidence suggests that activation of ~56~~ PTK is a 
prerequisite cellular event for the association of ZAP-70 
PTK with TCR and for activation of ZAP-70 PTK (reviewed 
by Chan et al., 1994; Weiss and Littman, 1994). Therefore, 
the sequential order of the kinase activation of Syk and 
~56~~ PTKs differs between the processes of IL-2R activa- 
tion and of TCR activation. Although the significance of 
this difference is unclear at present, it is tempting to specu- 
late that this may be a reflection of differences in cellular 
events following TCR activation and IL-2R activation; i.e., 
progression of cell cycle from GO to Gl and Gl to S, re- 
spectively. In addition, it is also possible that the functional 
roles of Syk PTK activated following IL-2R stimulation or 
following TCR stimulation may be qualitatively different. 
Further study will be required to elucidate whether or not 
activated Syk PTK can modulate the activity of ~56”~ PTK 
following IL-2 stimulation. In this respect, a recent report 
(B) 
Figure 7. Multiple Kinase Concert Model 
(A) Each IL-2Ftl.l (and possibly IL-2Ry) recruits distinct kinase mole- 
cules. Upon IL-2 stimulation, these molecules function in concert. 
(B) The IL-2Rf3 chain can simultaneously recruit multiple kinases, 
which are activated upon IL-2 stimulation. Whether IL-2 binding to 
IL-2R triggers clustering has not been experimentally demonstrated. 
For convenience, IL-2Ra is omitted and the exact association sites 
for the respective kinases are ignored. Other signaling molecules that 
have been reported possibly to couple with IL-2R are not included, 
i.e., phosphatidylinositol S-kinase (Augustine et al., 1991; Merida et 
al., 1991; Remillardet al., 1991 ;Truittetal., 1994). Raf-1 kinase(Turner 
et al., 1991; Zmuidzinas et al., 1991; Maslinski et al., 1992). and glyco- 
sylphosphatidylinositol-specific phospholipase (Merida et al., 1990; 
Eardley and Koshland, 1991). 
examining the regulation of Syk PTK and its interaction 
with ~56~~ PTK in transfected COS cells concluded that 
~56~~ PTK may be positively regulated by Syk PTK (Cou- 
ture et al., 1994). 
In addition to the physical association of Syk PTK with 
IL-PRB, our previous studies demonstrated the physical 
and functional association of p5wk PTK with lLQRf3 (Hata- 
keyama et al., 1991; Minami et al., 1993a). Furthermore, 
it was shown that a serine/threonine kinase, distinct from 
the previously identified serine/threonine kinases, also as- 
sociates with IL-2R6 (Y. M. and T. T., unpublished data). 
More recently, the Jak family PTKs, Jakl and Jak3 PTKs, 
have been shown to associate selectively with the cyto- 
plasmic regions of IL-2R6 and IL-2Ry, respectively (Witt- 
huhn et al., 1994; Miyazaki et al., 1994). These previous 
and the present findings raise the interesting issue of how 
a given cytokine receptor may function to activate many 
distinct signaling molecules. At present, it is not clear 
whether there are many distinct subpopulations of IL9Rf3 
(or IL-2Ry), each of which associates with the respective 
signaling molecules (Figure 7A), or whether the subpopu- 
lation of cellular IL-2Rf3 (or IL-2Ry) that associates with 
one signaling molecule can simultaneously associate with 
other signaling molecules (Figure 7B). In either case, our 
results collectively suggest that the concerted action of 
signaling molecules may be required for full activation of 
downstream signaling pathways (see Figure 7). This phe- 
nomenon may be common among cytokine receptors, 
which otherwise lack any intrinsic PTK motifs. Instead, the 
cytoplasmic domains of cytokine receptors have structur- 
ally evolved to recruit multiple signaling molecules, includ- 
ing PTKs, and utilize them to trigger the full-scale activa- 
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tion of multiple downstream signaling pathways leading 
to cellular proliferation, differentiation, or both. 
Experlmental Procedures 
Calls and Antibodies 
Human PBLs were isolated from normal adults by Ficoll-Hypaque 
centrifugation as described previously (Hatakeyama et al., 1991). 
PBLs were cultured in RPM 184g supplemented with 10% (v/v) fetal 
calf serum (FCS) in the presence of phytohemagglutinin (PHA) at 5 
ug/ml for 3 days. The PHA-activated PBLs were cultured in RPM 1640 
medium supplemented with 10% (v/v) FCS in the presence of 1 nM 
human recombinant IL-2 (Takeda Chemical). BAF-BO3, a subclone of 
BA/F, is a bone marrow-derived murine IL3dependent pro-B cell line 
(Palacios and Steinmetz, 1965). 148 is a BAFBO3derived cell line 
expressing the human IL-2R6 at a high level (Minami et al., 1993a; 
Kobayashi et al., 1993). Al 1 and 513 are also BAF-B03derived cells 
expressing mutant IL-2R6s lacking the A region or the S region at high 
levels, respectively (Minami et al., 1993a). 14BSyk7. Al ISykPO, and 
Sl3Syk22 cells were obtained by transfecting the porcine Syk PTK 
expression vector, pEF-Syk PTK, into 14B, Al 1, and S13 cells, respec- 
tively. BAF-803 cells expressing the chimeric molecules (CD16:7: Syk 
PTK or CD16:7:[-]) were obtained by transfecting the chimeric molecule 
(CD16:7: Syk PTK or CDlS:;l:[-]) expression vectors, pEFCD16:7: 
Syk PTK or pEFCDl6:7:(-), into BAFBO3 cells. BAF-BO3derived 
cells were maintained continuously in RPM1 1640 medium supple- 
mented with 10% (v/v) FCS and 20% (v/v) conditioned medium from 
WEHI-3B cell line (20% WEHlconditioned medium) as a source of 
11-3. Cells were factor starved for 9-l 2 hr by maintaining them in RPM1 
1640 supplemented with 10% (v/v) FCS prior to stimulation. COS cells 
were maintained continuously in Iscove’s modified Dulbecco’s medium 
(IMDM) supplemented with 10% (v/v) FCS. The transient cDNA trans- 
fections into COS cells were performed using the calcium phosphate 
method as described previously (Hatakeyama et al., 1991). For anti- 
body-mediated cross-linking experiments, aliquots of factor-starved 
cells (BAF-603 cells expressing CD16:ir:Syk PTK or CD16:7:[-1) were 
incubated with or without anti-CD16 monoclonal antibody (3G6) at 1 
ug of antibody per 2 x lv cells for 5 min at room temperature and 
were further incubated with a &fold excess of goat anti-mouse IgG 
antibody (F(ab)i) for the indicated periods at 37°C. 
Mouse monoclonal antibodies, Mik51IMikf33 (provided by Dr. M. 
Tsudo, Kyoto Katsura Hospital, Kyoto, Japan) and OKT4 (provided by 
Dr. T. Saito, Chiba University, Chiba, Japan) recognize the extracellu- 
lar domains of the human IL-2Rf3 chain and the human CD4, respec- 
tively. Mikj33 can bind IL-2R6 protein even in the presence of 11-2, 
while Mikpl binds IL-2Rj3 chains only in the absence of IL-2 (Tsudo 
et al., 1969). Rabbit anti-porcine Syk PTK antibody, useful for both 
immunoblotting and immunoprecipitation, was raised against a hepta- 
deca peptide corresponding to a partial sequence of the 40 kDa kinase, 
as described previously (Taniguchi et al., 1991). Rabbit anti-human 
Syk PTK antibody, useful for Western blot analysis to detect both 
human and porcine Syk PTK, was raised against amino acid residues 
13-260f human Syk PTK. Mouse monoclonal antibody, BGB(Medarex, 
Incorporated, New Hampshire), recognizes the extracellular domain 
of human CD16 (FcyRIII). Goat anti-mouse IgG antibody (F(ab)h) was 
purchased from Cappel (Durham, North Carolina). 
Plasmid Constructlone 
For the construction of the porcine Syk PTK expression vector (pEF- 
Syk PTK), the cDNA fragment for the porcine Syk PTK was excised 
from the PBS-Syk (Taniguchi et al., 1991) using EcoRl and inserted 
into an EcoRlcleaved backbone fragment of the pEF expression vec- 
tor (Okamoto et al., 1990). For the construction of the chimeric mole- 
cule expression vector (pEFCD16:7:porcine Syk PTK), the cDNA frag- 
ment for the chimeric molecule (CD16:7:porcine Syk PTK) wasexcised 
from the pCDMlPCD16:7:porcine Syk PTK (provided by Dr. 8. Seed, 
Massachusetts General Hospital, Boston, Massachusetts) (Kolanus 
et al., 1993) using Xbal and inserted into a Xbal-cleaved backbone 
fragment of the pEF expression vector. For the construction of the 
chimeric molecule lacking a cytoplasmic porcine Syk PTK (CD16:7: 
[-I), pEFCD16:7:porcine Syk PTK was first digested with Mlul. After 
filling in both ends, the resultant expression vector was ligated with 
an Xbal linker, which allows the insertion of an in-frame termination 
codon. To construct the CD4 expression vector (pEFCD4). oBShCD4 ,, . 
(provided by Dr. H. Nakauchi. Riken, Tsukuba, Japan) was digested 
with BamHI. After filling in both ends, the 1.7 kb cDNA insert was _._. ..--.. .._
excised using EcoRI. Similarly, the pEF vector was digested with Xbal 
and, after filling in both ends, further digested with EcoRl and ligated 
with a 1.7 kb DNA fragment described above. The CD46 and CD4r 
chimeric receptors are comprised of the human CD4 extracellularl 
transmembrane domains, fused in framewith the cytoplasmic domains 
of IL-2R5 and IL-2Ry, respectively, using the two pairs of synthesized 
oligonucleotides. The CD45 and CD* cDNAs were inserted into the 
EcoRI-Xbalcleaved pEF vector (pEFCD46 and pEFCD4y), respec- 
tively. To construct the expression vectors (pEFCD46A and pEF- 
CD43S) for the chimeric molecules, CD46A and CD46S, the pdKCRA 
and pdKCRS vectors (Hatakeyama et al., 1969b), respectively, were 
digested with Ncol and BamHI. After digestion, the respective Ncol- 
BamHl fragments (-0.9 kb) were inserted into the Ncol-BamHlcleaved 
pEFCD45 vector. The CD4yMl chimeric receptor is comprised of the 
CD4 extracellularltransmembrane regionqand the membrane proxi- 
mal 7 aa of the cytoplasmic domain of IL-2RT. All constructs were 
confirmed by restriction enzyme digestion and DNA sequencing. 
DNA TraMactIon 
Plasmid DNAs were transfected into the cells by an electroooration 
procedure as described previously (Doi et al., 1969). Selection was 
initiated 24 hr after transfection, using 2 mglml of 6416 for 148. Al 1, 
and S13 cells; 2 mg/ml of 6416 plus 1 mg/ml of hygromycin for 
14BSyk7, Al 1 SykPO. and S13Syk22 cells; 0.75 &ml of puromycin for 
BAF-803 cells expressing the chimerlc molecules(CD16:7:Syk PTK or 
CDl6:7:[-)) in RPM 1640 medium supplemented with 10% (VI@ FCS 
and 20% WEHlconditioned medium. Drug-resistant single colonies 
were obtained as described previously (Hatakeyama et al., 1969b). 
lmmunoprsclpitatlon 
In transient cDNA expression studies using COS cells, experiments 
were performed as described previously (Hatakeyama et al., 1991). 
For metabolic labeling experiments of COS cells, 46 hr after trans- 
fection, COS cells were gently washed three times with methionine/ 
cysteine-free Dulbecco’s modified Eagle medium (DMEM) (GIBCO 
BRL) and were incubated in methionine/cysteinefree DMEM supple- 
mented with 10% (v/v) dialyzed FCS for 1 hr at 37OC. Subsequently, 
cells were labeled in 5 ml of methioninelcysteine-free DMEM con- 
taining 10% (v/v) dialyzed FCS and [3bS]methionine/cysteine (Express 
36S36S Protein Labeling Mix, New England Nuclear, 1141 Cilmmol) for 
5 hr at 37OC. Cells were harvested and washed twice with ice-cold 
phosphatebuffered saline and were subjected to solubilization, fol- 
lowed by immunoprecipitation (see below). 
COS cells, PBLs. and BAF-BO3derived cells were solubilized with 
lysis buffer (50 mM Tris-HCI [pH 7.4],0.5% [v/v] Nonidet P-40 [NPAO], 
150 mM NaCI, 5 mM EDTA, 50 mM NaF, 1 mM N&VO,, 1 mM phenyl- 
methyl sulphonyl fluoride [PMSF], 10 @ml leupeptin, 10 ug/ml aproti- 
nin)for30minat4°C.Thelysateswerecentrifugedto remove insoluble 
materials and the resultant supernatants were precleared for 1 hr at 
4OC with protein A-Sepharose (Pharmacia). The precleared superna- 
tants were then immunoprecipitated with the respective antibodies 
(Mikpl, Mikj33, Ml/g, OKT4, or anti-porcine Syk PTK antibody) and 
protein A-Sepharose for 3 hr at 4OC. Each immunoprecipitate was 
washed five times with the above lysis buffer, eluted with Laemmli 
buffer under reducing conditions, and subjected to SDS-PAGE (10% 
gels). 
For evaluating in vitro kinase activity of Syk (porcine) PTK, factor- 
starved cells (BAF-BOaderived cells expressing Syk PTK) were stimu- 
lated with human recombinant IL-2 (10 nM) for the indicated time peri- 
ods at 37OC. Each reaction was terminated by the direct addition of 
ice-cold 2 x lysis buffer and was solubilized for 30 min at 4OC. Cell 
lysates were precleared. and immunoprecipitated with anti-Syk (por- 
cine) PTK antibody and protein A-Sepharose for 3 hr at 4OC. Each 
immunoprecipitate was washed five times with lysis buffer prior to the 
in vitro kinase assay. 
In Vitro Klnaae Assay 
Anti-Syk immunoprecipitates prepared as described above were 
washed once with kinase buffer (25 mM HEPES [pH 7.4].0.1% [v/v] 
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NP-40,lO mM MgC12, 3 mM MnC12, 30 uhf Na,VO,) and resuspended 
in 30 ul of the kinase buffer containing 2 ug of MBP (Sigma). Reac- 
tions were initiated by the addition of 3.75 uM [y-yP]ATP (10 pCi of 
[y-YP]ATP/sample, 5000 Ciimmol; Amersham) and incubated for 2.5 
min at 25OC (during the period of incubation, kinase reactions pro- 
ceeded linearly; data not shown) and the reactions were terminated by 
the addition of an equal volume of 2 x Laemmli buffer. Subsequently, 
samples were subjected to SDS-PAGE (11% gels) under reducing 
conditions, and were electrophoretically transferred to PVDF mem- 
brane filters (Immobilon, Millipore) as described elsewhere (Minami 
et al., 1993a). Subsequently, membrane filters were treated with 1 N 
KOH for 2 hr at 55OC, fixed, and subjected to autoradiography (Hutch- 
croft et al.. 1992a). 
lmmunoblot Analysis 
Anti-Syk (porcine or human) PTK immunoblotting analyses were per- 
formed as described previously (Minami et al., 1993a). Proteins in 
the whole cell lysates or in the immunoprecipitates prepared were 
separated by SDS-PAGE (10% or 11% gels), and electrophoretically 
transferred onto PVDF membrane filters. After blocking with TBST- 
milk (10 mM Tris-HCI [pH 8.01, 150 mM NaCI, 0.5% [v/v] Tween 20, 
5% nonfat dry milk), membrane filters were incubated either with anti- 
human Syk PTK antibody (1:20 dilution in TBST-milk) or with anti- 
porcine Syk PTK antibody (3 pglml in TBST-milk) overnight at 4OC. 
Then filters were washed with TBST-milk and incubated with [?]pro- 
tein A (Amenham, 100 uCi/ml, I:100 dilution in TBST-milk) for 3 hr 
at room temperature. After four washes in TBST-milk and two washes 
in TBST. filters were exposed to X-ray films. Band intensities (corre- 
sponding to Syk PTK) were quantitated using a Fujix imaging analyzer 
(BAS 2000). For determining the stoichiometry of the intermolecular 
association, the relative band intensities of Syk PTK (whole cell lysates 
blotted with anti-Syk [human or porcine] PTKantibodiesversus MikpS- 
or OKT4-immunoprecipitates blotted with anti-Syk [human or porcine] 
PTK antibodies) were normalized for cell number and were quantita- 
tively compared. 
Preparation of Probe DNA 
The probe DNAs for c-fos and c-myc mRNAs were prepared as follows: 
ofos, 0.4 kbp Stul-Sacl fragment from pSV-mFOS (Hatakeyama et 
al., 1992); c-myc, 1.9 kbp Hindlll fragment from pMc-rnyc54 (Stanton 
et al., 1983). 
RNA Extraction and RNA Blot Analysis 
Total cellular RNA from cells was prepared by denaturation in guani- 
dium thiccyanate followed by pelleting through a CsCl cushion (Shibuya 
et al., 1990). For RNA blot analysis, 10 ug of total RNA was electropho- 
resed on 1% agarose formaldehyde gels, and transferred onto nylon 
membranes. Probes were labeled with [a”P]dCTP (Amersham, 3000 
Cilmmol) using a Multiprime labeling kit (Amersham) and hybridized 
as described previously (Harada et al., 1990). Specific activity was 
approximately 1 x 10s cpmlng for all the probe DNAs. 
Measurement of [aH]thymldlne Incorporation 
Continuously growing cells (2 x 10’) were plated in 96-well microcul- 
ture plates as described previously. After stimulation with human re- 
combinant IL-2 (2 nM) in the absence or presence of herbimycin A at 
the indicated concentrations, cells were pulsed with 1 uCi of [*H]thymi- 
dine for 4 hr prior to harvest. PHjthymidine incorporation was mea- 
sured as described previously (Hatakeyama et al., 1969b). In some 
experiments, P-mercaptoethanol at a final concentration of 0.2 mM 
was included in medium to abrogate the effects of herbimycin A. 
Flow Cytometric Analysis 
Cells (- 5 x 105) were treated with the respective mouse monoclonal 
antibodies: Mik61 (anti-human IL-PRO antibody), OKT4 (anti-human 
CD4 antibody), or 3G6 (anti-human CD16 antibody) for 30 min at 4OC. 
After washing, cells were stained with fluorescein-conjugated goat 
anti-mouse IgG antibody (Cappel, Durham, North Carolina). The 
stained cells were analyzed by an Epics Elite Flow Cytometer (Nikkaki, 
Japan; Coulter Electronics, Incorporated, Miami Lakes, Florida) as 
described previously (Minami et al., 1993a). 
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